Our study examined the impact of daylight (photophase) wavelength on the photoentrainment sensitivity of two species with vastly different visual systems. Social voles (Microtus socialis) and 'blind' mole rats (Spalax ehrenbergi) were exposed to shortwavelength (479nm) or long-wavelength (697nm) light at an intensity of 293Wcm -2 . Rhythms of urine production, urinary 6-sulfatoxymelatonin (6-SMT), urinary metabolites of adrenaline and cortisol, and oxygen consumption (VO 2 ) were used as markers for the sensitivity of the photoentrainment system. Significant 24-h rhythms were detected in all variables for both species under short-wavelength light, whereas ultradian rhythms of 12-or 8-h were detected under long-wavelength light. Wavelength inversely affected 6-SMT levels in M. socialis (negative correlation) and S. ehrenbergi (positive correlation). Increased levels of stress hormone metabolites were detected in M. socialis under the long-wavelength light whereas, in S. ehrenbergi elevated levels were secreted under short-wavelength light. Long-wavelength light increased VO 2 in M. socialis and decreased it in S. ehrenbergi; short-wavelength light elicited the opposite effects. Our results indicate that photophase wavelength is an integral light property for modulating photoperiodic responses in mammals, including visually challenged species. Finally, the spectral-induced differential responses between the two species potentially represent adaptive physiological flexibility in species with contrasting visual and habitat challenges.
INTRODUCTION
The timing of the daily onset of light and dark as well as the annual cycle of changes in the daily ratio of light to dark hours provide the most reliable and enduring signals for accurately estimating time of day and time of year. The ability to track time of day and time of year allows individuals to anticipate predictable events such as night or winter and make appropriate physiological adjustments in anticipation of these upcoming environmental changes. Light information is received by distinct retinal photoreceptors, sent to the suprachiasmatic nucleus (SCN) and then projected by efferent connections to the pineal gland; the pineal comparably synthesizes and secretes melatonin during the dark period (scotophase) in diurnal and nocturnal mammals. The circulating melatonin rhythm is suggested to play a major regulating role in the mammalian photoentrainment system (Pévet et al., 2006; Pandi-Perumal et al., 2008; Zawilska et al., 2009 ). The mammalian retina presents two distinctive classes of photoreceptors: image-forming photoreceptors (IFPRs) and non-image-forming photoreceptors (NIFPRs). The IFPRs contain the visual pigments rhodopsin and opsins used for visual orientation, whereas NIFPRs include melanopsin and mainly function in circadian entrainment (Kavakli and Sancar, 2002; Güler et al., 2007; Güler et al., 2008) . Several studies of humans and other animals with major deterioration of IFPRs have repeatedly demonstrated a severe lack of light perception for visual images, but not for seasonal or circadian entrainment (Lucas et al., 1999; Klerman et al., 2002; Van Gelder, 2005; Güler et al., 2008) . The NIFPRs are intrinsically photosensitive, suggesting a crucial role for melanopsin in circadian entrainment (Berson, 2007; Graham et al., 2008; Hankins et al., 2008) .
Microtus socialis (Pallas 1773) and Spalax ehrenbergi (Nehring 1898) represent extremes of ecological adaptation and visual capability. M. socialis is a semi-fossorial species with predominantly nocturnal activity patterns (Benjamini, 1989) , but diurnal activity has also been recorded, mainly during winter (Harrison and Bates, 1991) . The eyes of M. socialis are expected to express both IFPRs and NIFPRs, whereas S. ehrenbergi -an obligate subterranean species that spends its entire life underground -has eyes that have severely degenerated; the functioning remnants are concealed by skin and hardly any image-forming functions remain (Sanyal et al., 1990) . However, several studies have reported that the vestigial eyes of S. ehrenbergi retain the ability to register light stimuli to adjust photoentrainable rhythms (Cooper et al., 1993; David-Gray et al., 1998; Cernuda-Cernuda et al., 2002) . Daily rhythms of several behavioral and physiological functions that are responsive to light manipulations have been reported for S. ehrenbergi and M. socialis. However, these species display little overlap in their ranges of habitat and resource requirements [mole rats (Haim et al., 1983; Rado et al., 1991; Goldman et al., 1997; Avivi et al., 2004) ; voles (Banin et al., 1994; Haim et al., 2005; Zubidat et al., 2008) ].
The effects of light with varying wavelength have been studied in several mammal species including rodents (Chávez et al., 2003; Aral et al., 2006) and species-specific spectral sensitivity modulation to different ecological niches has been suggested (Kumar and Rani, 4214 1999; Reiter, 1994) . Spectral sensitivity of M. socialis is expected to be in the blue to yellow range of the visible spectrum (Ϸ430-530nm), in common with most sighted mammalian species, including nocturnal rodents (Peichl, 2005; Bullough et al., 2006) . In S. ehrenbergi, the vestigial retina is capable of receiving both blue-shifted wavelength light (rod photopigment), with a peak sensitivity of 497nm (Janssen et al., 2000) , and red-shifted wavelength light (cone photopigment), with a peak sensitivity of 530nm (Janssen et al., 2003) .
Recently, we have characterized the maximal effective photophase intensity for photoentrainment of daily rhythms in M. socialis and S. ehrenbergi, which approximated 293Wcm -2 in the two species (Zubidat et al., 2009; Zubidat et al., 2010) . Comparative studies between the two species revealed differences in their response to light intensity at a wavelength of 586nm (Zubidat et al., 2009; Zubidat et al., 2010) . Therefore, M. socialis and S. ehrenbergi were preferred for comparison because they are wellestablished animal models in the laboratory and their biological rhythms, including those of pineal melatonin production and secretion, are well characterized [S. ehrenbergi (Ben-Shlomo et al., 1996; Zubidat et al., 2009) ; M. socialis Zubidat et al., 2009) ]. Both species show seasonal changes in their thermoregulatory system entrained by changes in photoperiod [S. ehrenbergi (Haim et al., 1983) ; M. socialis (Banin et al., 1994) ]. Although the two species belong to the suborder Myomorpha, they are at the opposite ends of the spectrum regarding their vision capabilities and requirements for habitat illumination. Additionally, M. socialis and S. ehrenbergi, as mentioned above, are classified as photoperiodic species and robustly react to light manipulations under laboratory conditions. Comparison of the circadian photoentrainment response to different photophase wavelength in these two species, therefore, is of great interest for detecting temporal variables and understanding their ecological consequences, and this was the goal of the present study.
We tested the effects of two monochromatic lights (short-and long-wavelength) at the maximal effective photophase intensity level on photoentrainment in M. socialis and S. ehrenbergi. Daily rhythms of urine production rate, urinary 6-sulfatoxymelatonin (6-SMT) excretion [the primary metabolite of melatonin in urine (Zawilska et al., 2009)] , urinary metabolites of the stress hormones adrenaline (UMAdr) and cortisol (UMCort), and daily energy expenditure (DEE) [estimated by measuring the daily oxygen consumption (VO 2 ) rhythm] were evaluated under the designated monochromatic lights.
MATERIALS AND METHODS

Animals and housing
All experiments reported here were approved by the Ethics and Animal Care Committee of the University of Haifa (protocol no. 111/2008) . Sixteen individual male M. socialis and 16 individual male S. ehrenbergi, 2n60 karyotypic form (Nevo et al., 2001) (Zubidat et al., 2009; Zubidat et al., 2010) . Although the 25W monochromatic light bulbs used in our experiment emit heat, we have demonstrated that the expected heat emission from the lights did not affect the T a inside the room or the body temperature of the animals (Zubidat et al., 2010) . Photometric measurements were performed by a handheld single fiber-optic spectrometer (AvaSpec-2048-FT-SDU, Avantes, Eerbeek, The Netherlands) while placing the light sensor directly beneath the lamp at the same distance between lamp and cage floor. The central wavelength of each monochromatic light was 479nm for the short-wavelength lamps and 697nm for the longwavelength lamps.
Experimental protocol
Individuals of each species were randomly assigned to one of two experimental subgroups (N8) and each was exposed, during the photophase, to either short-or long-wavelength monochromatic radiation at the maximal effective photophase intensity level of 293Wcm -2 (Zubidat et al., 2009; Zubidat et al., 2010) . Each group was maintained under experimental conditions for 3 weeks prior to data collection. This protocol was designed to evaluate the effect of these two monochromatic lights on urine production rate, melatonin level (by recording urinary 6-SMT), stress responses (assessed by UMAdr and UMCort release rates) and metabolic responses (by monitoring VO 2 levels).
Daily rhythms in urine production rate
Urine samples were collected at 4-h intervals over a 24-h period. At the end of the acclimation period, animals were transferred to special cages designed for urine collection (48ϫ38ϫ21cm) with an electropolished AISI 304 stainless steel 0.7ϫ0.7cm mesh floor (TECNIPLAST S.p.A., Buguggiate, Italy). The screened urine was collected in a plastic tray beneath the cages and was transferred, at 4-h intervals, to Eppendorf tubes using disposable glass Pasteur pipettes, as previously described (Zubidat et al., 2009 ). Immediately after collection, each urine sample was weighed and fractionated into three equal parts for 6-SMT, UMAdr and UMCort level determinations. UMAdr aliquots were preserved at pHϷ3 by adding 2 to 3 drops of hydrochloric acid (0.1moll -1 HCl). All aliquots were stored in a freezer at -25°C until further analysis. The weight of each urine sample was obtained using an ED623S Satorius balance (±0.001g; Goettingen, Germany) and its volume was estimated by assuming a specific gravity of 1gml -1 , as previously documented (Tendron-Franzin et al., 2004) .
Hormone analysis
The immunoreactivity of urinary 6-SMT, UMAdr and UMCort was determined using immunoassay ELISA kits (IBL, Hamburg, Germany). All determinations were conducted in duplicate, as described previously (Zubidat et al., 2009; Zubidat et al., 2010 
Daily rhythms in metabolic responses
Metabolic responses to photophase light with the different wavelengths were evaluated by monitoring VO 2 and calculating total DEE for both species. DEE levels were calculated from VO 2 , assuming an energy ratio of 20.92kJ per liter of O 2 utilized (Speakman, 2000) . VO 2 uptake was simultaneously measured from five metabolic chambers (2l in volume) using an open flow system as previously described . The differences in oxygen content between the influx and the efflux of dried air outflow from the metabolic chamber were monitored at 100s time bins with a Servomex Xentra 4100 electrochemistry oxygen analyzer (Crowborough, UK) that interfaced with a computer utilizing Logal hardware and special software for viewing and analyzing the collected data (Wonderware InTouch 7,1,0,0; MODCON Systems, Tuchenhagen, Ireland). The metabolic chambers were placed inside a light-proof environmental incubator (LAB-Line EnvironETTE ® , Dubuque, IA, USA) at a constant regulated T a 25±2°C, relative humidity60% and SD conditions. Monochromatic bulbs (N4, 25W; OSRAM) of either 479nm (short-wavelength) or 697nm (long-wavelength) were installed at about 30cm above the chambers and mean irradiance level was adjusted to maximal effective photophase intensity level. During the VO 2 measurement, animals were provided pellets and carrots ad libitum. Tissue paper was added in order to absorb urine secretion.
Statistical analyses
All numerical data are presented as means ± 1s.e.m. or 95% confidence intervals (CI) of the mean. Statistical significance for time, wavelength, and time ϫ wavelength interaction effects on the experimental variables enumerated above, was determined using two-way mixed repeated-measures ANOVA (RM-ANOVA). This analysis was followed by one-way RM-ANOVA when significant effects of time or interaction were detected by the mixed model. Post hoc multiple comparisons were performed using a Bonferroni correction test for dependent data or a Student-Newman-Keuls (SNK) test for independent data. Student's t-tests were completed for all other mean comparisons between or within groups (e.g. day vs night, day/night differences, etc.), whereas Pearson correlation coefficients (r) were calculated to estimate a possible correlation between wavelength and the experiment variables, as appropriate.
Results were further analyzed for rhythmicity using the cosinor analysis (Nelson et al., 1979; Refinetti et al., 2007) . The cosinor is a nonlinear reiteration least squares fitting method that generates the best cosine curve approximation of an entire set of data. Each set of time series data was fitted to the following cosine equation:
where Y(t) is the variable value at time t of the equation defined by mesor (rhythm-estimated mean), amplitude (half the difference between the crest and trough of the cosine curve), acrophase (the crest time of the cosine curve with reference to local midnight, 00:00h) and  (the repeated period of the estimated wave). The  of the best-fitted cosine curve was estimated using the Jankins-Watt autoperiodogram for data collected at regular intervals (Gouthiere et al., 2005) . The cosinor analysis yields significant rhythms only when the variance accounted for by the cosine approximation at trial  and by homogenous function (amplitude equal to zero) differs significantly according to the F-test of variance (P<0.05). The
analysis also derives a measure of the predictability of the so-called percentage rhythm (PR), which indicates the percentage of variability in the entire data set that is accounted for by the cosine approximation. Statistical significance between derived rhythm estimates of two sets of data was calculated using the Bingham test (Bingham et al., 1982) . All statistical analyses were performed using SPSS 15.0 for Windows (SPSS Inc., Chicago, IL, USA), except for the cosinor analysis, which was performed using the TSA-Time Series Analysis Serial Cosinor 6.3 software package (Expert Soft Technologie, Esvres, France).
RESULTS
Daily rhythms in urine production rate
Fig .1 shows profiles of urine production rates over 24h for the two species under photophase light with either short-or long-wavelength reflectance. For M. socialis, results of the 2-way mixed RM-ANOVA showed a significant time-related variation in urine production (F 2.89,40.39 6.67, P<0.001, N16), significant differences among spectral groups (F 1,14 17.07, P<0.001, N16) and significant interaction effects between time elapse and photophase spectral exposures (F 2.89,40.39 2.91, P<0.05, N16) . According to 1-way RM-ANOVA, however, a significant effect for time was detected for M. socialis exposed to short-wavelength, but not long-wavelength (see supplementary material TableS1), light. Mean urine volume levels calculated for M. socialis exposed to short-wavelength light (0.64±0.04ml100 g
) were significantly (P<0.001, N16) higher when compared with those of the long-wavelength-exposed group (0.26±0.08ml100 g -1
h
-1 ). The day/night differences were significantly higher in the short-wavelength-exposed M. socialis than in the long-wavelength-exposed counterpart individuals, with highest values recorded during scotophase ( Fig.1 ) and acrophase occurring around midnight for the two spectral groups. Cosinor analysis revealed a significant 24-h rhythm with high PR (70%) for the short-wavelength-exposed M. socialis but not for the longwavelength-exposed group. Amplitude and mesor levels differed significantly (P<0.05, N16) between the two spectral groups, with much higher mesor under wider amplitude levels in the shortwavelength group (supplementary material TableS1).
In S. ehrenbergi, significant effects were also observed for timerelated variation in urine production (F 6,84 8.33, P<0.0001, N16) and interaction effects between time and spectral composition (F 6,84 5.01, P<0.0001, N16) . Furthermore, a split one-way RM-ANOVA for each of the two spectral groups indicated that urine production rates under either spectral exposure changed significantly with time (supplementary material TableS1). However, analysis of the spectral effects indicted that S. ehrenbergi exposed to short-and long-wavelength light produced urine daily at a comparable mean rate (~0.94ml100g
; F 1,14 0.20, P>0.05). Complementarily, the cosinor approximation detected significant rhythms that oscillated at 24-h and 12-h  in S. ehrenbergi exposed to short-and longwavelength light during the photophase period, respectively (Fig.1 ). The two rhythms had high PR levels (~50%) and differed neither by mesor nor by amplitude levels (supplementary material TableS1). The Pearson correlation test showed that urine production rates of M. socialis were inversely correlated with photophase wavelength (r-0.71, P0.0001, N24) . In contrast to M. socialis, the test did not detect any significant correlation between the two variables in S. ehrenbergi spectral groups (Table1).
Daily rhythms in urinary 6-SMT
Daily (24-h) profiles of 6-SMT concentrations for both species are depicted in Fig.2 . The 2-way mixed RM-ANOVA indicated significant effects (P<0.0001) of time of day (F 3.22,38.6 10.28, N14), spectrum levels (F 1,12 37.54, N14) and the time ϫ spectrum interaction (F 3.22,38.6 8.99, N14) on urinary 6-SMT in M. socialis. Mean 6-SMT levels detected for short-wavelength-exposed M. socialis were 3.75±0.31ngml -1 whereas those for the longwavelength-exposed group were only 1.79±0.07ngml -1 ; these differences were statistically significant (P<0.001, N14). The 6-SMT rhythms, when analyzed separately for time-related differences, showed significant variations in the short-wavelengthexposed M. socialis but not in the long-wavelength-exposed group (see supplementary material TableS2). Significant day/night differences (t-6.44, d.f.6, P0.001, N7) were detected only for M. socialis exposed to short-wavelength light, with acrophase levels occurring during scotophase at 02:49h (Fig.2) . Cosinor analysis detected a 24-h rhythm in urinary 6-SMT concentrations for shortwavelength-exposed M. socialis and an ultradian rhythm with 8-h  for the long-wavelength-exposed group, both of which were statistically significant with high PR levels (68 and 48%, respectively; supplementary material TableS2). Mesor and amplitude comparisons detected no significant differences in the levels of the two estimates between short-and long-wavelengthexposed M. socialis (P>0.05).
Similar to M. socialis, urinary 6-SMT levels of S. ehrenbergi showed significant (P<0.0001) effects of time of day (F 6,72 10.20, N14), spectrum (F 1,12 87.03, N14) and the time ϫ spectrum interaction (F 6,72 6.79, N14) . In contrast to M. socialis, S. ehrenbergi urinary 6-SMT manifested higher values during longwavelength light exposure than under short-wavelength conditions (3.16±0.15 and 1.25±0.14 ngml -1 , respectively). The time-related variation in 6-SMT levels was also confirmed separately by the 1-way RM-ANOVA for both spectral groups of S. ehrenbergi (supplementary material TableS2). Significant day/night differences were only observed in the long-wavelength-exposed group. The cosinor analysis revealed clear rhythms, which oscillated with 24-h A. E. Zubidat, R. J. Nelson and A. Haim Data were adapted from our previous studies (Zubidat et al., 2009; Zubidat et al., 2010) . Correlations were performed between photophase wavelength levels and individual 24-h means. 6-SMT, 6-sulfatoxymelatonin; UMAdr and UMCort, urinary metabolites of adrenaline and cortisol, respectively; DEE, daily energy expenditure; SW, short wavelength; LW, long wavelength. Photoentrainment in rodents (PR61%) and 12-h (PR66%)  for short-and long-wavelengthexposed S. ehrenbergi, respectively (Fig.2) . The acrophase levels of the 24-h rhythm occurred during scotophase at 19:04h and, in the ultradian rhythms, the first acrophase occurred during scotophase at 01:48h. Moreover, the short-wavelength-exposed S. ehrenbergi displayed significantly lower mesor and amplitude levels compared with those calculated for their long-wavelength-exposed counterparts. In M. socialis, a significant negative correlation between wavelength and 6-SMT concentration (r-0.75, P0.0001, N21) was observed. In contrast with M. socialis, the analysis detected a high positive relation between the two variables for S. ehrenbergi (r0.75, P0.0001, N20; Table1).
Daily rhythms in urinary metabolites of stress hormones UMAdr
According to the 2-way mixed RM-ANOVA analysis, there were significant effects (P<0. ). When each photophase wavelength group was analyzed separately for the effect of time, a significant effect of time elapsed on UMAdr levels was established for both the shortand long-wavelength-exposed animals (see supplementary material TableS3). In the short-wavelength-exposed group, there were clear day/night differences in UMAdr levels, with higher levels occurring during photophase (t3.97, d.f.6, P<0.01, N7). However, in the long-wavelength-exposed group, there was no significant day/night difference. Clear daily rhythms in UMAdr concentrations with  of 24 h were observed in the two wavelength groups and, in both groups, high PR levels (~50%) were estimated (Fig.3) . Under shortwavelength conditions, the acrophase levels were recorded early in scotophase at 17:28h; acrophase levels were delayed by ~4 h in the long-wavelength group. Mesor and amplitude levels calculated for the long-wavelength-exposed animals were manifestly higher compared with those exposed to short-wavelength light (supplementary material TableS3).
In S. ehrenbergi, significant effects of time (F 6,72 2.85, P<0.02, N14), spectrum (F 1,12 15.57, P<0.002, N14) and the time ϫ spectrum interaction (F 6,72 2.30, P<0.05, N14) on UMAdr levels were detected. Mean levels calculated for the short-wavelengthexposed (177.38±24.64pgml -1 g -1 ) animals were significantly (P<0.002, N14) elevated compared with those calculated for the long-wavelength-exposed animals (68.64±12.36pgml -1 g -1 ). Consistently, the one-way RM-ANOVA split analysis showed significant time-related variations in UMAdr levels for the two wavelength groups (supplementary material TableS3). However, the paired t-test comparison detected significant day/night differences in the long-wavelength-exposed group (t2.81, d.f.6, P<0.05, N7), but no clear differences were established for the other group. In the short-wavelength group, the cosinor analysis detected a complex rhythm consisting of two cyclic components with  of 24 and 8h and PR levels of 24 and 39%, respectively. In the long-wavelengthexposed group, the cosinor analysis detected a significant rhythm that oscillated at a  of 24h and exhibited higher PR levels (66%) compared with the short-wavelength group (Fig.3) . Furthermore, mesor levels of short-wavelength-exposed S. ehrenbergi were significantly higher than those of the long-wavelength group. The acrophase of the 24-h and the first acrophase of the 8-h components in the short-wavelength-exposed S. ehrenbergi occurred during scotophase, whereas the acrophase of the 24-h rhythms in the longwavelength group occurred at the end of the photophase period (supplementary material TableS3). Finally, the Pearson correlation test showed significant positive (r0.63, P<0.002, N21) and negative (r-0.70, P<0.0001, N21) relationships between wavelength and UMAdr levels in the short-and long-wavelengthexposed S. ehrenbergi, respectively (Table1).
UMCort
In M. socialis, the release profile of UMCort exhibited significant effects of time of day (F 3. ) of N7 and solid-line waves represent the best cosine curve approximation of the time series data. Percentage rhythm (PR), zero amplitude P-value and  are given for each cosine curve. M. socialis, short wavelength: *, P<0.03 vs 12:00 and 16:00h; S. ehrenbergi, short wavelength: *, P<0.03 vs 04:00 h; S. ehrenbergi, long wavelength: *, P<0.02 vs 20:00h.
(F 3.11,37.25 4.73, P<0.006, N14). Consequently, mean UMCort levels excreted under long-wavelength light were significantly higher (P<0.0001, N14) compared with those measured under short-wavelength light. The daily UMCort profile, when subjected to a one-way RM-ANOVA analysis, showed significant time related-variations only under the long-wavelength photophase exposure (see supplementary material TableS4). Unlike the UMCort daily rhythm under short-wavelength-exposed M. socialis, which is characterized by significant day/night differences (t-4.08, d.f.6, P<0.005, N7), with increased levels at night, the hormone-release profile under long-wavelength-exposed M. socialis exhibited no evident day/night differences ( Fig.4) . The cosinor analysis detected significant rhythms under the two wavelength exposures, but while the rhythm under the long-wavelength condition oscillated with a 24-h , that under short-wavelength-conditions oscillated with a notable shorter  of 12.9 h. Additionally, the acrophase for the two rhythms was early in the morning at 08:02h (short-wavelength) and 10:04h (long-wavelength), and significantly differed by their mesor levels (the rhythm-estimated means) (TableS4).
In 
g
-1 ) were significantly higher (P<0.0001, N14) compared with those of the long-wavelengthexposed group (11.66±1.50pgml -1 g -1 ). The 1-way RM-ANOVA revealed obvious daily variations in UMCort levels only under long-wavelength light conditions, with significantly increased release (t-2.92, d.f.6, P<0.05, N7) during scotophase (TableS4). The rhythm spectral analysis estimated a significant 24-h rhythm under long-wavelength but not under shortwavelength light (Fig.4) . All of the calculated rhythm variables (mesor, amplitude and acrophase) were significantly different between the two spectral groups (supplementary material TableS4). In contrast to the significant positive correlation (r0.48, P<0.05, N21) between UMCort levels and wavelength in M. socialis, the variables were negatively correlated in S. ehrenbergi (r-0.95, P<0.0001, N21; Table1).
Daily rhythms in metabolic response
A representative profile of VO 2 rates over 48h for both species is depicted in Fig.5 ). Individuals under the two spectral compositions also showed significant time-related variation in VO 2 rates when subjected to one-way RM-ANOVA analysis (see supplementary material TableS5). However, the paired t-test analysis failed to establish clear day/night differences in VO 2 rates under the two wavelengths. A significant 24-h rhythm was detected by the spectral analysis for M. socialis in the short-wavelength light experiment (PR73%, P<0.001, N8). Two harmonics of the 24-h rhythm were significant (24 and 12h, PR43 and 23%, P<0.05 and 0.01, N8, respectively) in the model describing the VO 2 pattern in long-wavelength-exposed M. socialis (Fig.5) . However, the rhythm of long-wavelength-exposed M. socialis oscillated with high amplitude (mean±95%CI, 0.37±0.25-0.48mlO 2 100g -1 h -1 ) and higher mesor levels in comparison with those of the shortwavelength-exposed group (supplementary material TableS5). Total DEE levels calculated for the short-wavelength-exposed M. socialis (0.98±0.08kJg ) of N7 and solid-line waves represent the best cosine curve approximation of the time series data. Percentage rhythm (PR), zero amplitude Pvalue and  are given for each cosine curve. M. socialis, short wavelength: *, P<0.04 vs 00:00h; M. socialis, long wavelength: *, P<0.03 vs all time points; S. ehrenbergi, long wavelength: *, P<0.01 vs 08:00h. Photoentrainment in rodents N16). Conversely, the 2-way mixed RM-MANOVA did not detect significant time ϫ spectrum interaction effects on VO 2 daily rates (F 4,672 1.33, P>0.05, N16) . In contrast to M. socialis, the mean rate of VO 2 recorded for short-wavelength-exposed S. ehrenbergi ). When the two spectral group rhythms were analyzed separately for time-related differences, a marked daily variation was detected for both groups (supplementary material TableS5). The cosinor analysis revealed a significant (PR45%, P<0.0001, N8) 24-h rhythm in S. ehrenbergi exposed to short-wavelength light. In the group exposed to long-wavelength light, the spectral analysis illustrated a compound rhythm consisting of two harmonics (24-and 12-h ) (PR30 and 22%, P<0.0001, N8, respectively; Fig.5 ). All rhythms displayed late nocturnal acrophases (after midnight) and similar amplitudes (~0.35mlO 2 100g ). Additionally, the 24-h rhythm detected for the short-wavelength-exposed S. ehrenbergi significantly (P<0.05, N16) increased the mesor level (3.13mlO 2 100g -1 h -1 ) compared with that calculated for the long-wavelength-exposed group (1.92ml O 2 100 g -1
h
-1 ; supplementary material TableS5). The calculated total DEE levels for the short-wavelength-exposed S. ehrenbergi were clearly elevated (1.53±0.09kJg ) of N8 and solid-line waves represent the best cosine curve approximation of the time series data. Percentage rhythm (PR), zero amplitude P-value and  are given for each cosine curve.
(0.98±0.08kJg -1 day -1 ; Table1). Finally, significant positive and negative correlations (r0.38, P<0.05, N24 and r0.71, P<0.001, N24) were detected between photophase wavelength and total DEE levels in short-and long-wavelength-exposed groups, respectively (Table1).
DISCUSSION
Daily rhythms in urine production and 6-SMT levels
Renal rhythmic function of the two species in the present study appears to be modulated by the spectral composition of photophase light. M. socialis appears to be most sensitive to light with shortwavelength radiation. A distinct rhythm in urine production was only detected under short-wavelength monochromatic light whereas, under long-wavelength light, urine production displayed low and statistically insignificant amplitude. In contrast to M. socialis, S. ehrenbergi was equally sensitive to both short-and long-wavelength light, but the rhythm frequency of urine production was inversely related to wavelength exposure (Fig.1) . These results might reflect an ultradian character of the endogenous rhythm in S. ehrenbergi, which lives in virtually complete darkness in its natural subterranean habitat.
Our results demonstrated that the  rhythm of 6-SMT was affected by photophase wavelength. Short-wavelength exposure shortened  of the two species (8 and 12h for M. socialis and S. ehrenbergi, respectively) compared with the predominant 24h  detected under the long-wavelength condition (Fig.2 ). Dual-model profiles of melatonin levels throughout the day with early and late scotopic acrophases have been repeatedly documented in the scientific literature for humans and other animals, including S. ehrenbergi (Arendt, 1985; Wehr et al., 1995; Nakahara et al., 2003; Zubidat et al., 2009) . Ultradian rhythms may be controlled by at least two endogenous oscillators that aim to enhance individual survival in natural habitats (Daan and Aschoff, 1982; Gerkema et al., 1990) .
Our results showed contrasting responses between the two species in terms of mean 6-SMT levels under the varying photophase wavelength. In M. socialis, the amplitude, mesor and day/night differences of 6-SMT were most notable in response to shortwavelength exposure whereas, in S. ehrenbergi, augmented responses were evident under long-wavelength exposure (Table 1)  (supplementary material Table S2 ). These results suggest that shortwavelength monochromatic light provides the optimal entrainment wavelength for regulating melatonin rhythm in the visually intact M. socialis. This suggestion is consistent with previous data for action spectra in sighted rodents, which have shown that blue light shifted the action sensitivity for circadian photoentrainment (Peichl, 2005; Bullough et al., 2006) . Conversely, 'blind' S. ehrenbergi have a much lower sensitivity to wavelength in which the optimal entrainment for melatonin rhythms is achieved under longwavelength monochromatic daytime light.
The optimal wavelength sensitivity for M. socialis and S. ehrenbergi established here likely corresponds to the light characteristics in their natural habitats. M. socialis remains concealed underground during the day and emerges to forage at night. Additionally, M. socialis can shift to diurnal activity during relatively cold and cloudy winter days (Harrison and Bates, 1991) . However, S. ehrenbergi demonstrates a very different life history strategy; virtually all of their life is spent completely underground. Thus, exposure to aboveground illumination conditions is rare (Nevo, 1999) . Consequently, the sensitivity to short-wavelength light for M. socialis is likely to be adequate for visual and nonvisual perception of surface light with high-power spectral composition. By contrast, S. ehrenbergi exhibits elevated sensitivity to longwavelength light, which is appropriate for the faint spectral power of its underground burrows.
Daily rhythms in urinary metabolites of stress hormones
In the present study, the stress responses of M. socialis correlated significantly and inversely with wavelength; higher levels of UMAdr and UMCort were released in response to short-wavelength light. An opposite correlation was revealed for S. ehrenbergi. Our results confirm and extend previous findings that acute alteration in the properties of the light input into the visual system acts as a stressor. UMAdr and UMCort metabolites were markedly elevated in M. socialis in response to light-at-night (LAN) exposure and in both species in response to photophase light with extreme intensities -low and high (Zubidat et al., 2010) . Neither the short-nor the long-wavelength illuminations are typical for S. ehrenbergi or M. socialis, respectively. The manifested release of the stress hormones reflects an acute activation of the sympathoadrenomedullaty (SAM) system and the hypothalamic-pituitaryadrenocortical (HPA) axis. Challenges (e.g. cold exposure, hypoglycemia, acute immobilization, etc.) that might compromise homoeostasis are completely associated with the activation of the SAM system and the HPA axis (Dunn and Swiergiel, 2008; Goldstein and Kopin, 2008) . Thus, our results indicate that stress systems are equally sensitive to changes in photophase light properties and, accordingly, prompt vigorous physiological responses, particularly allocating energy to functions related to survival during the stress exposure.
Urinary release of UMAdr and UMCort levels were expressed differently by the two species. In M. socialis, UMAdr and UMCort levels under long-wavelength light were 0.9-and 1.8-fold greater, respectively, than under short-wavelength light. By contrast, in S. ehrenbergi, the response was much larger, as the urinary metabolites levels under short-wavelength exposure were 2.6-and 4.1-fold greater, respectively. These results indicate that the HPA axis is more sensitive to photophase wavelength changes than the SAM system, as the response in the former pathway was the strongest in both species. According to the magnitudes of response in the two stress-response systems, it appears that S. ehrenbergi is more sensitive to changes in the photophase spectral composition than M. socialis. When compared with the HPA axis, the SAM system responds within seconds to stress but the activity quickly peaks and fades in response to a rapid negative feedback mechanism controlled by the parasympathetic nervous system (Ulrich-Lai and Herman, 2009) . In contrast to the SAM system, HPA axis activation often peaks several minutes after the stress is terminated (Droste et al., 2008) . The slower reaction of this axis reflects a pulsatile induction consisting of hierarchical, multifaceted neurohormonal signals (Lightman, 2008) .
The intense stress response of S. ehrenbergi compared with that of M. socialis could simply reflect the differences in exposure to natural light between these two species. M. socialis is frequently exposed to surface illumination conditions as a result of its semifossorial lifestyle. By contrast, exposure to surface light conditions rarely occurs in S. ehrenbergi and typically only happens during a very brief period of time, as the animals would likely respond quickly by closing the breach in their dark environment.
Robust daily rhythms oscillating with 24-h  were revealed in the present study in UMAdr and UMCort secretion in all experimental groups, except under the short-wavelength-exposed groups in which an ultradian rhythm of ~12-h  was estimated by the spectral analysis. Although the circadian profile of adrenal activity seems to be SCN-driven (Kalsbeek et al., 2006 ; Ulrich-Lai A. E. Zubidat, R. J. Nelson and A. Haim Photoentrainment in rodents and Herman, 2009 ), a peripheral oscillator located within the adrenal gland has also been suggested to contribute to the gland's temporal organization (Sanyal et al., 1990; Dickmeis, 2009) . Previous research has suggested that dual oscillator action mechanisms are responsible for reciprocal organization of the ultradian rhythms of rest and activity, with a semidian (12h) periodicity (Broughton, 1985; Lloyd and Stupfel, 1991) .
Daily rhythms in metabolic responses
VO 2 daily rhythms have been well documented in our laboratory for both species Zubidat et al., 2010) . It was revealed that they were significantly affected by LAN exposure and by photophase light with increasing intensity. In the present study, VO 2 rates exhibited a marked 24-h fluctuation in the shortwavelength-exposed groups of both species. Under long-wavelength exposure, both species displayed a compound rhythm oscillating with two harmonics of the 24-h rhythm (24 and 12h) (Fig.5) . The prediction that energy consumption would correlate positively with locomotor activity has been underpinned by studies on several mammal and bird species (Bennett and Ruben, 1979; .
Recently, we have reported negative masking effects of increasing photophase irradiance on metabolic responses in these two species (Zubidat et al., 2010) . It has been suggested that the irradianceinduced negative masking effects resulted from increased intervals of inactivity inside the underground burrows to maximize predator avoidance under the bright light conditions. In the present study, total DEE levels in M. socialis correlated positively with the photophase wavelength levels (Table1), suggesting a negative masking effect on DEE by short-wavelength light. Similar masking effects of short-wavelength light have been documented previously (Thompson et al., 2008) in wild-type mice and were suggested to be mediated by cone photoreceptors that are sensitive to shortwavelength light. Additionally, the positive masking effect of DEE detected here in the long-wavelength-exposed M. socialis is expected to be regulated by the rod retinal photoreceptive system (Thompson et al., 2008) . Negative masking of locomotion in response to shortwavelength light exposure would maximize the prospect of survival, e.g. hiding inside an underground shelter during the relatively intense light of day.
In contrast to M. socialis, total DEE levels in S. ehrenbergi were positively and negatively masked under the short-and longwavelength light conditions, respectively. The novel photoreceptor melanopsin has been proposed as a potent co-mediator -with the classic photoreceptors (i.e. cones and rods) -of negative masking effects with long-wavelength light (Mrosovsky and Hattar, 2003; Thompson et al., 2008) . Expression of melanopsin in the vestigial retina of S. ehrenbergi has been reported previously (Hannibal et al., 2002) .
Conversely, positive masking reported here in S. ehrenbergi by the short-wavelength light cannot be explained by the involvement of melanopsin. First, the novel photopigment shows feeble and inadequate photosensitivity at short wavelengths (Panda et al., 2005; Mure et al., 2007) . Second, mice lacking the classical cone and rod photoreceptors show impaired locomotion activity and nonresponsiveness to positive masking by light with varying spectral composition (Thompson et al., 2008; Mrosovsky et al., 1999) . Thus, we suggest that the observed positive masking of the DEE rhythm in S. ehrenbergi by the short-wavelength light is mediated by rod and cone photoreceptors that are sensitive to short-wavelength light. Such photoreceptors, particularly rods that are sensitive to blueshifted wavelength light, have been previously reported in S.
ehrenbergi (Janssen et al., 2000; Janssen et al., 2003) . Positive masking is postulated to enhance locomotor activity for exploring and seeking behavior when the animal is confronted with new surroundings or conditions (Mrosovsky et al., 2000) . In the case of S. ehrenbergi, enhanced seeking behavior in response to a challenging light breach in the tunnel system (i.e. in order to seal it) would be beneficial to survival for this 'blind' subterranean species (Zuri and Terkel, 1999) .
Conclusions
Light is an omnipresent stimulus with the prospect to act as a stressor. Recently, considerable research efforts have been devoted to study the adverse effect of visible light on human health and animal physiology and behavior (Navara and Nelson, 2007) . Although light is obligatory for survival on earth, it could elicit several maladaptive responses when applied incongruously to biological systems. Here and in other recent studies (e.g. Zubidat et al., 2010) , the differential stressful effects of photophase light with varying spectral composition (i.e. irradiance and wavelength) have been clearly demonstrated in two rodent species representing the extremes in their visual and ecological organization. The stress-induced responses of photophase light in the two species were associated with elevated metabolic responses, hypothetically to maintain homeostasis and thus facilitate individual survival. Finally, the retinal neural organization that mediates the differential physiological responses in M. socialis and S. ehrenbergi is equally multifaceted and has only recently been explored. Currently, a wide array of retinal photoreceptors expressing different light sensitivity is recognized as an important component regulating visual and temporal responses. In this regard, our results may be generalized to support the perception that classical and novel retinal photoreceptors are equally important for non-visual responses to environmental light signals and may play a significant role in the adaptation of rodents to various habitats. 2.10; 0.001 τ, period length of the cosine curve approximated by spectral analysis; PR, percentage of the rhythm (represents the proportion of the total variance of the data accounted by the cosine approximation of a trial period). The zero amplitude hypothesis was rejected at P<0.05. Different letters represent significant differences between treatments for each species (P<0.05). Values in brackets for mesor, amplitude and acrophase are 95% confidence intervals of the group mean.
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